more directly proportional to cell protein. The function and affinity
The ontogeny of P-adrenergic receptors and the characteristics of catecholamine sensitive adenylate cyclase activity were demonstrated in rat ventricular myocardium. P-Adrenergic receptors were identified by the binding of (-) Heart weight, protein, and the number of P-adrenergic receptors per cell increased with advancing age; however, binding capacity (B,,,) per mg protein was lower in membrane from the adult rat (220 g body weight) than in membrane from the fetal or neonatal rat, 36.8 + 4.1 and 58.3 + 6.3 fmoles*mg-' protein, respectively, mean + SE, P < 0.01. The age-dependent increase in the numbers of receptors per heart correlated well with the increases in ventricular weight. In contrast, protein content, Na', Kt-ATPase, 5'-nucleotidase, and adenylate cyclase content increased more rapidly than ventricular weight, and the developmental increase in 13H]DHA binding sites (per heart) did not keep up with increases in ventricular protein. Although specific activity of (-)-[3HIDHA binding was lower in the adult ventricle, the characteristics of the P-receptor did not vary with age; the subtype was Dl determined by classical agonist competition in fetal and adult ventricular membranes and the PI-and P2-adrenergic receptor subtypes were present in the ratio of 75% PI and 25% p2 in both fetal and adult samples. Guanine nucleotides decreased agonist affinity for the inhibition of (+)-[12511HYP binding equally in adult and fetal samples and enhanced the activation of adenylate cyclase by catecholamine. Basal adenylate cyclase activity was significantly higher in weanling, 13.4 + 1.42, and adult, 14.2 + 5.8, than in 21-day fetal or newborn ventricular membrane, 8.18 & 1.5 pmoles cyclic adenosine 3':5'-monophosphate produced mg-'a min-' (mean 2 S.D.). The percent activation by catecholamine (with and without GTP) was also slightly higher in samples from the older rats, P < 0.01. In the adult and weanling heart, both guanine triphosphate (GTP) and guanyl-5'-yl-imidodiphosphate [Gpp(NH)p] were effective in enhancing catecholamine sensitive activity. Maximal catalytic activation of adenylate cyclase was observed in the presence of (-)-epinephrine and Gpp(NH)p and was significantly higher (fold stimulation) in fetal or neonatal ventricular samples as compared to adult or weanling ventricular samples, P < 0.01.
Speculation
The decreased specific activity (per mg protein) of 8-adrenergic receptors in adult as compared to fetal and neonatal myocardium may therefore be related to the decreasing proportion of sarcolemma1 protein versus total and particulate cell protein which occurs during hypertrophic cardiac growth, supporting the hypothesis that sarcolemmal surface area is a major determinant of P-receptor number. In contrast, sarcolemmal activities which mediate cellular functions by regulating the concentration of various substances within the cell, such as Na+, K+-ATPase, and adenylate cyclase, increased to a greater extent than (-)-I3HJDHA binding, and were of these P-adren&rgic receptors i n the rat myocardium are mediated by guanine nucleotides early in development, and agedependent differences in the activation of catecholamine sensitive adenylate cyclase by G T P and Gpp(NH)p may relate to developmental differences in the properties of guanine nucleotide-dependent factors which mediate receptor occupancy and cyclic adenosine 3':5'-monophosphate formation.
The effects of catecholamines on heart rate and contractility are thought to be mediated by their interactions with P-adrenergic receptors present on the sarcolemmal membrane and the stimulation of adenylate cyclase activity. Catecholamines stimulate heart rate, inotropy, or adenylate cyclase early in the development of the human, rat, and chick myocardium; however, the characteristics of P-adrenergic receptors and their interaction with adenylate cyclase have not been directly studied in the fetal and neonatal mammal (1, 6, 7, 14, 17) . Although a recent study demonstrated that P-adrenergic antagonist binding in the rat myocardium increased with advancing age (2), the factors regulating the numbers and function of P-adrenergic receptors as well as the concentrations of other sarcolemmal activities during growth and maturation of the myocyte are not well defined. Similarly, the interactions between the P-adrenergic receptor and panine-nucleotides has not been directly studied in fktal and neonatal myocardium.
The relationship between P-adrenergic receptor sites and adenylate cyclase is now known to be mediated by guanine nucleotides and guanine nucleotide-dependent factors which are required for the activation of adenylate cyclase in purified membranes (12, 13, 19) , and the effects of Gpp(NH)p on catecholamine-sensitive adenylate cyclase have in fact been recently characterized in the fetal rat myocardium (6) . Guanine nucleotides interact with the receptor-adenylate cyclase system at two or more sites; at the receptor site, GTP decreases agonist potency for receptor binding, and at the catalytic subunit of adenylate cyclase, guanine nucleotides are required for activation (12, 13) . In the pigeon erythrocyte, GTP is hydrolyzed by a specific hormone-sensitive GTPase which is stimulated by catecholamines (5) . Gpp(NH)p and other nonhydrolyzable analogues of GTP irreversibly activate the catalytic subunit in a time dependent process which is enhanced by the presence of agonist (catecholamine) (4) (5) (6) 12) . Although a synergistic effect of guanine nucleotides on catecholamine and glucagon sensitive adenylate cyclase in developing rat myocardium has been recently demonstrated (6, 27) , previous developmental studies of catecholamine-sensitive adenylate cyclase and its relation to Padrenergic receptors in the myocardium have not included the role of guanine nucleotides at either the receptor site or at the catalytic site.
The present study was therefore designed to demonstrate: (1) the relationships among heart weight, cell number, protein content, and the sarcolemmal activities Nat, K+-ATPase, P-adrener-gic receptor binding, and adenylate cyclase during growth and maturation of the rat myocardium; (2) the presence and characteristics of P-adrenergic receptor sites in the fetal and adult rat ventricular myocardium; (3) their relationships to adenylate cy-' clase activity; and (4) the modulation of /3-adrenergic receptor affinity by guanine nucleotides which are required for the maximal activation of catecholamine sensitive adenylate cyclase. x g for 10 min. This pellet was resuspended to final membrane protein concentration of 2 to 5 mg/ml, frozen in dry ice acetone, and stored at -80°C before assay. Young male (80 to 90 g) and adult male (approximately 220 g) rat ventricular membranes were prepared from individual Sprague-Dawley rats as described for the fetal samples with identical wash procedures. Further washes or membrane purification result in a loss of hormone sensitivity. Adult and fetal samples were prepared or assayed together on each work day.
BINDING ASSAYS ( -) -[ 3 H ]~~~ binding was determined as previously described in a 250 p1 assay containing 200 to 300 pg protein, 10 mM MgC12, and 0.2 to 5 nM (-)-[3H]DHA, 50 mM Tris-HC1 (pH 7.4) (23, 25, 26) . Binding was assessed in triplicate by filtration assay after 20 min incubation at 30°C; the assay was terminated by filtration through glass fiber filters and washed five times with 4 ml of iced buffer. Nonspecific binding was also assessed in triplicate in the presence of 1 pM ( f ) propranolol. ( * ) -[ ' 2 5~]~~~ binding was also utilized to determine P-adrenergic receptor subtypes because of its increased sensitivity, essentially as described by Hegstrand et al. (9) in 10 mM MgC12, 50 mM Tris-HC1 (pH 7.4) buffer in the presence and absence of 100 pM GTP. The protein concentration ranged from 30 to 40 pg per assay, and the ( + ) -[ 1 2 5 1 ] H~~ concentration was varied from 25 to 300 pM for Scatchard analysis. The assay was incubated at 37OC for 30 to 50 min, was terminated by rapid filtration on glass fiber filters, and was washed three times with 4 ml of the incubation buffer at 37OC. Specific binding is defined with either ligand and was proportional to membrane protein under these conditions. PI-and Pz-adrenergic subtypes were estimated from the analysis of Hofstee plots of the inhibition of (+-)-[1251]HY~ binding by zinterol as previously described (15, 25) .
ADENYLATE CYCLASE AND MARKER ENZYMES
Adenylate cyclase was determined at 30°C in triplicate by a modification of the method of Salomon et al. (20, 23) . The assay contained 50 to 75 pg protein, 0.2 mM [a-"'IATP (2 pCi), 3.0 mM MgC12, 1.0 mM [ HICAMP (0.01 pCi), 100 mM Tris-HC1 (pH 7.4), a creatine phosphokinase-phosphocreatine regenerating system, 0.1% bovine serum albumin, 12.5 mM sucrose, 0.05 mM EGTA, and added hormone and guanine nucleotide. The assay mixture was preincubated for 5 min at 30°C, and the reaction was initiated by the addition of labeled ATP. Basal and hormonestimulated CAMP production was entirely linear for at least 30 min, and triplicate determinations usually varied less than 5%. Column recoveries of [%]CAMP varied from 60 to 75% and were not altered by theophylline. Naf, K+-ATPase (EC 3.6.1.3) was determined by a spectrophotometric method as previously described in the presence of 5 X M ouabain at 37OC, and 5' nucleotidase (EC 3.1.3.5) was determined in the presence of Nat, K+ tartrate (10 mM) at 37OC (25) . DNA was determined by the method of Schneider with calf thymus DNA (Sigma Chemical Co.) as standard (21) . Statistical significance was determined by Student's t test of enzyme activity or binding capacity. Fold stimulation represents adenylate cyclase activity divided by basal activity; catecholamine-stimulated activity is that increase in activity over the appropriate control basal activity, related to the addition of 5 x M (-)epinephrine.
RESULTS

CHARACTERISTICS OF VENTRICULAR GROWTH
Ventricular weight increased 25.9-fold, nearly proportionately to body weight in rats from birth to 217 g body weight (Table 1) . Protein content increased in great excess of either weight or DNA content as hypertrophy became the major determinant of ventricular growth especially between 91 and 217 g body weight. Particulate protein, of which sarcolemmal protein is a small component, represented 40% of total ventricular protein, and this proportion did not change with age. The specific activity and total recovered activity (per ventricle) of P-adrenergic receptors, Na', K+-ATPase, and 5'-nucleotidase are compared in Table 2 . When expressed as specific activity (per mg protein), (-)-[3H]DHA binding decreased progressively with age whereas the specific activity of the other membrane markers increased or remained relatively constant. PAdrenergic receptors per heart increased nearly proportionately to ventricular weight but did not keep up with developmental increases in total or particulate protein content (Tables 1 and 2 ). Both basal and maximally activated adenylate cyclase activity increased with age in excess of the numbers of P-adrenergic receptors or in ventricular weight as shown in Table 2 . (Fig. 2) . Although the number of sites was slightly lower in these experiments, the relative differences in B, , , between adult and fetal ventricular myocardium were maintained. ' Animals from four litters were obtained on the day of birth; juvenile and adult samples were taken from male Sprague-Dawley litter mates at approximately 30 and 60 days of age, respectively. Ventricle was dissected from atria and major vessels, pooled from four to five litter mates in the neonatal pups, and processed from individual hearts in the older samples as described in "Materials and Methods."
Numbers in parentheses, fractional change using the values from the 7.25 g pups as unity. . Specific activity was determined in three td eight samples, and the estimation of total activity was determined by multiplication of specific activity times recovered membrane protein. SA, specific activity; A, total recovered activity.
Mean + S.D.
Fetal < adult: P < 0.01.
Numbers in parentheses, fractional increase in activity using the 7.25 g body weight animals as unity.
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Fig. 1. Specific binding of (-)-[3H]DHA to adult and neonatal rat ventricular myocardium. Total and nonspecific binding of (-)-[3H]
DHA was assessed in triplicate from myocardial membranes prepared from adult male rats (220 g) and from four litters (hearts were pooled) on the day of birth. Nonspecific binding was defined in the presence of 1 pM (-)propranolol. The saturation data ( A ) was analyzed by the method of Scatchard (B). These curves are representative of four to five separate saturation experiments at each age. (Fig. 3) . The PI-subtype was confirmed with the selective ,f?-adrenergic agent zinterol (a Pqagonist) (Fig. 2) and with PI-selective antagonist metoprolol (not shown). Analysis of their (+)-[1251]HYP inhibition curves revealed a P1:P2 subtype ratio of approximately 75% P1:25% ,Bz in fetal samples (Fig. 4) . In the presence of GTP M), agonist potency for (-)-isoproterenol was decreased approximately 10-fold (Fig.  3) . In addition, the slope of the curve describing the inhibition of (f ) -[ ' 2 5~]~~~ binding was increased, and the Hill coefficient was increased to approximately 1.0 by the addition of GTP (not shown). This shift in potency relating to GTP occurred equally in adult and fetal samples.
GUANINE NUCLEOTIDES AND ADENYLATE CYCLASE
As shown in Tables 2 and 3 , basal and maximal catalytic adenylate cyclase activity was higher in ventricular membranes of the adult and weanling rat than in the fetus or the neonate. The properties of adenylate cyclase were identical in weanling and adults samples (the latter are not shown in detail). Hormone sensitive adenylate cyclase activity in fetal and weanling ventricular myocardium are described in Table 3 . Maximal catalytic activation was observed at both ages in the presence of Gpp(NH)p and (-)-epinephrine. Activation by (-)-epinephrine was enhanced by guanine nucleotide [either GTP or Gpp(NH)p] in all experiments. Epinephrine-stimulated adenylate cyclase (fold activation) was slightly higher in weanling than in fetal samples (P < 0.001).
In contrast, maximal catalytic activation (Gpp(NH)p + (-)-epinephrine) was higher in fetal than in the weanling samples (P < 0.01). Catecholamine stimulation in all samples was enhanced by GTP or Gpp(NH)p, but exogenous guanine nucleotide was not requiled for stimulation by epinephrine, presumably due to residual GTP in these crude membrane preparations or to GTP present in commercial ATP. Guanine nucleotide enhancement of catecholamine stimulated adenylate cyclase was in fact diminished at higher ATP concentration (1 mM ATP). 
EFFECTS OF GUANINE NUCLEOTIDES IN THE ABSENCE OF CATECHOLAMINE
In the absence of hormone, Gpp(NH)p activated adenylate cyclase equally in the adult and fetal myocardium (Table 3) . GTP activation in the absence of hormone was slightly but significantly higher in the fetal than adult (P < 0.01) membranes. The dose response curve, KD, and maximal activation for guanine nucleotide were similar in the adult and fetus, and the dose response for fetal samples is represented by Figure 5 . The effective concentration to achieve half-maximal activation for guanine nucleotides was approximately M GTP or Gpp(NH)p and was unaffected by catecholamine. In contrast, the effective concentration to achieve half-maximal activation for catecholamine activation was altered by guanine nucleotide; Gpp(NH)p M) but not GTP, caused a shift (increased affinity) in catecholamine sensitivity from approximately 10-90 M for (-)-epinephrine in both adult and fetal samples (data not shown). Lastly, dose responses of adenylate cyclase to catecholamines and the enhanced catecholamine activation of fetal myocardial adenylate cyclase by Gpp(NH)p were also determined in 24-hr-old (neonatal) rats (not shown) and were similar to those seen in fetal samples.
DISCUSSION
The present study demonstrates the developmental increase in ventricular P-adrenergic receptors, adenylate cyclase and Na+, KC-ATPase during growth of the rat myocardium. The specific activity of the P-receptor per mg protein decreases significantly with advancing age and is not directly related to the specific activity of other sarcolemmal markers, such as Na+, Kf-ATPase or adenylate cyclase. Neither receptor affinity nor the ratio of PI to Pz-adrenergic subtypes (75:25) changes with advancing age. Guanine nucleotides decrease agonist affinity for the receptor site equally in fetal, neonatal, and adult ventricular membranes and are required for maximal catecholamine sensitive adenylate cyclase activation. This study also demonstrates possible subtle developmental differences in adizylate cyclase activation related to guanine nucleotides in the presence of catecholamines between fetal and weanling or adult ventricular membranes and confirms Fetal > weanliig, P < 0.01. the previous report of guanine nucleotide effects on catecholamine sensitive adenylate cyclase in developing rat myocardium (6) .
Studies of catecholamine response in the developing myocardium have demonstrated the early appearance of a chronotropic effect, suggesting the functional relationship between the P-receptor and adenylate cyclase early in fetal development, occurring even before innervation in the chick heart (1, 18) . In fact, maximal catecholamine-stimulated chronotropic responses by the mouse myocardium were demonstrated during the last day of gestation, decreasing postnatally (1). In the present study and as demon- Table 3. strated previously, the physiologic significance of the high Padrenergic receptor binding activity in fetal rat heart is unclear and does not imply an increased physiologic response or sensitivity. The rat myocardium increases markedly in weight with advancing age, whereas cell number does not increase as dramatically after several weeks of age (8, 11, 28) . Thus, cell size increases and the proportion of sarcolemmal membrane protein to cell protein decreases with age as the surface area:cell volume ratio decreases. This increase in sarcolemmal surface area during hy-pertrophic growth in the rat myocardium has been demonstrated in older rats by direct measurement of isolated myocytes (8, 11, 16, 28) . The observed decrease in P-adrenergic receptor binding assessed per unit protein which occurs in the developing rat myocardium is therefore likely to be influenced by the decreasing proportion of cellular protein contributed by the sarcolemma. Baker and Potter (2) have recently suggested that the number of P-adrenergic receptors per unit membrane area in rat myocardium from ages 2 wk to 18 months remains constant and that cell surface area is the major determinant of P-adrenergic receptor number per cell. This latter study also demonstrates a decrease in the specific activity of P-adrenergic sites per unit weight and protein in the developing rat myocardium during this later time period.
In the present study, the specific activity (per mg protein) of sarcolemmal activities such as Na+, K+-ATPase, 5'-nucleotidase, and adenylate cyclase either remained nearly constant or increased with advancing age, and the increased activity (per heart) increased with changes in cell protein. ( -) -[ 3 H ] D~~ binding activity did not increase as rapidly as adenylate cyclase or Na+, K+-ATPase during growth. These latter activities regulate intracellular concentration dependent functions and we speculate that their concentration in ihe plasma membrane mightatherefore be determined by cell volume rather than the surface area of the myocytes. The specific activities and their relative changes with advancing age presently reported for Na', K'-ATPase, P-adrenergic receptors, and adenylate cyclase are in close agreement with those previously reported (2,6, 10). Although we suggest that the specific activity of P-adrenergic receptor is related to sarcolemmal surface area, catecholamine receptors may also be modulated by hormonal influence or undergo maturational changes. For example, P-adrenergic receptors increase markedly with age in the developing rat lung and in the isolated myocyte after exposure to thyroid hormone (22, 24, 26) . The concentration of catecholamines to which the cell is exposed may also regulate P-adrenergic receptor number; however, the concentration of norepinephrine and epinephrine has been recently reported in the developing rat and are similar to adult levels on the last day of gestation, but fall abruptly postnatally (3). It is therefore unlikely that the higher specific activity of /3-adrenergic sites in the fetal myocardium relates to a lack of exposure to agonists in late gestation.
The characteristics of the P-adrenergic sites presently demonstrated in fetal rat myocardium are similar in all ways to that in the adult. Thus, the PI-adrenergic subtype, the pharmacologic characteristics of the sites, and the effects of GTP on decreasing agonist affinity were not different in fetal and adult samples. The predominance of PI-adrenergic receptor subtype demonstrated by classical agonists is in close agreement with previous studies of adult rat myocardial P-receptors, and the 75% G I ) to 25% (Pz) ratio as determined by selective P-adrenergic agents is in agreement with studies in adult rat heart (15) .
In the present study, GTP markedly decreased agonist potency at P-adrenergic receptor sites and was required for full activation of the catalytic unit in adult myocardium. The effect of GTP in enhancing catecholamine stimulation was greater in the adult than fetal myocardium; however, the somewhat higher GTP stimulation of basal activity demonstrated in the fetal ventricular membranes complicates an interpretation of this observation. The smaller catecholamine-dependent component observed in the presence of GTP in the fetus may result from differences in the efficiency of coupling between receptor and the catalytic subunit or the stability of their components during membrane preparation. It does not appear to relate to residual catecholamine in the preparations as M alprenolol does not significantly inhibit basal activity in adult or fetal preparations. The enhanced catecholamine stimulated adenylate cyclase observed in the presence of Gpp(NH)p in fetal samples is not directly comparable to the synergistic effects with GTP because of the irreversible activation of the catalytic subunit by Gpp(NH)p; the rate of Gpp(NH)p activation is enhanced by catecholamine; therefore, the higher percent stimulation of adenylate cyclase activity observed in fetal samples in the presence of Gpp(NH)p and catecholamine observed in this study cannot be directly correlated with the increased Padrenergic receptor sites in the fetal preparations. The heightened response in fetal myocardial preparation to catecholamine and Gpp(NH)p presently reported was also observed in a recent study in late gestation fetal rat myocardium and suggests a difference between adult and fetal heart in the kinetic constants which are rate limiting for the activation of the catalytic subunit (16) .
Lastly, the regulatory role of guanine nucleotides has, in general, not been included in previous studies of the ontogeny of various adenylate cyclase systems. The marked influence of low concentrations of guanine nucleotides in both receptor affinity and hormone-sensitive CAMP production emphasizes the need to assess the development of both receptor and adenylate cyclase under well defined conditions which include a concern for guanine nucleotide dependent factors.
